The finding that individual cancers contain many mutant genes not present in normal tissues has prompted considerable interest in the cancer epitope landscape. To further understand such effects, we applied in silico-based epitope prediction algorithms and high throughput post hoc analysis to identify candidate tumor antigens. Analysis of 1,152 peptides containing missense mutations previously identified in breast and colorectal cancer revealed that individual cancers accumulate on average f10 and f7 novel and unique HLA-A*0201 epitopes, respectively, including genes implicated in the neoplastic process. These data suggest that, with appropriate manipulation of the immune system, tumor cell destruction in situ may provide a polyvalent tumor vaccine without a requirement for knowledge of the targeted antigens. [Cancer Res 2008;68(3):889-92] 
Introduction
Several classes of tumor antigens have been described and named according to their distribution in normal and neoplastic tissues. These include the shared differentiation antigens, such as melan-A/MART1 (1, 2) in melanoma; cancer testes or germ cell antigens, such as MAGE-1 (3) and NY-ESO-1 (4) in adult testes and diverse tumor types; and unique tumor antigens, which generally carry mutations, such as CDK4 in melanoma (5) and CASP-8 in head and neck cancer (6) .
The immunogenicity of the unique tumor antigens was recognized in several seminal studies including animal transplant models (7) and chemically or UV light-induced tumors (8, 9) . They are of particular interest because they result from somatic mutations in individual tumors and are absent from normal tissues (10, 11) , providing antitumor specificity without anticipated deleterious autoimmunity. Somatic mutations can be classified as either ''drivers'' or ''passengers''. Passenger mutations provide no positive or negative selective advantage to the tumor but are retained by chance during cell division and clonal expansion. In contrast, driver mutations provide a selective advantage that promotes the tumorigenic process. The generation of mutations is continuous due to the imperfect nature of DNA replication and repair. Thus, the generation of additional antigens during tumor progression, whether driver or passenger (12) , provides a continuously renewable source of antigen.
Recent analyses of breast and colorectal cancers showed a remarkable number of somatic mutations in human cancer (13) .
Among >13,000 genes analyzed, a total of 1,307 somatic mutations were identified in 11 breast and 11 colorectal cancers. Approximately 83% were missense mutations, 6% nonsense, and the remainder were insertions, deletions, duplications, and changes in noncoding regions. When extrapolated to the whole genome, it was calculated that individual tumors harbored an average of f90 amino acid-altering (i.e., nonsynonymous) mutations. The kind of information available from such large-scale sequencing studies of individual tumors has not heretofore been available but clearly has implications for tumor immunity.
In the current study, we designed an in silico approach to examine whether the mutations identified in Sjoblom et al. (13) have the potential to generate novel epitopes that might serve as targets for an immune response. Using epitope prediction algorithms and high throughput post hoc analysis, we found evidence to support the notion that the human tumorigenic process results in the generation of multiple immune targets. Individual breast and colorectal cancers accumulated an average of f10 and f7 novel and unique HLA-A*0201 epitopes, respectively; several within genes that may be drivers. These results provide insights into the unique immune profiles of individual tumors with potential clinical relevance.
Materials and Methods
Epitope prediction. Peptide sequences corresponded to missense mutations identified during the discovery phase by Sjoblom et al. (13) , flanked by up to 10 amino acids on either side. Concatamers of these peptides were analyzed with several epitope prediction algorithms for HLA-A*0201 binders. Major histocompatibility complex (MHC)-I antigenic peptide processing prediction (MAPPP; ref 14) , developed at the Max-Plank Institute, facilitates the prediction of epitopes that can bind to MHC class I molecules based on a score calculated for each subsequence. Each amino acid at a specific position within a subsequence is given a value that has been precalculated and stored in static matrices. The precalculation was done either by BIMAS (15) or SYFPEITHI (16) . Depending on the algorithm selected, the values were then multiplied (BIMAS) or added (SYFPEITHI) to determine the score for the subsequence. Peptides qualified as positive if they scored z100 and z24, respectively (17, 18) . RANKPEP (19) uses specific scoring matrices from sets of peptides known to bind to MHC molecules as the predictor of MHC-peptide binding. Peptides qualified as positive if the percentage optimum was z50% or higher. NetMHC (20, 21) predicts peptide-MHC binding using artificial neural networks (ANN) and weight matrices. For ANN, used for HLA-A*0201 prediction, peptides scored positive if IC 50 is V500.
Post hoc analysis. First, we searched for unique epitopes within concatamers of wild-type and mutant peptides. Epitopes identified in the ''wild-type concatamer'' included both true wild-type epitopes and artifacts across the concatenation sites and were removed from further analysis. The ''mutant concatamer'' was then used to search for remaining epitopes. To ensure that potential mutant epitopes did not span concatenation sites, the ''mutant concatamer'' used in this confirmatory phase included additional redundant characters spaced between peptides, thereby permitting confirmation of epitopes contained entirely within a mutant www.aacrjournals.org peptide only. These were then annotated for specimen and tumor type as described in supplementary information in Sjoblom et al. (13) .
Estimates of epitope frequency. The total number of epitopes corresponding to each peptide, original specimen, and tumor type were calculated for the 11,721 genes that were successfully sequenced of the 13,023 CCDS genes. As per Sjoblom et al. (13), we extrapolated this number to the total number of genes in the human genome (conservatively estimated at 18,203) by dividing the number of identified epitopes by 0.64.
Results and Discussion
A total of 1,152 peptides containing missense mutations, previously identified in breast and colorectal cancer (13) were concatenated into a single string of 23,924 amino acids and analyzed for potential MHC class I binders. Epitopes were predicted using several algorithms then applied to post hoc analysis. This analysis entailed a series of manual steps, predefined calculations, and macro-based algorithms to identify epitopes that are absent from corresponding wild-type sequences but present within the mutant peptide. We restricted our analysis to HLA-A*0201 9-mer epitopes because this haplotype has been extensively studied and is represented in up to 27% of the population (22) . All epitopes were confirmed to be unique 9-mers after BLAST analysis, searching for ''short, nearly exact matches'' in the ''nr'' database. Two hundred and forty-one epitopes were identified using MAPPP (14)/SYPEITHI (16). On average, 8.2 and 13.6 epitopes were found per specimen in colorectal and breast cancers, respectively (Table 1) . Each tumor contained a minimum of two and as many as 30 epitopes in a case of breast cancer (Fig. 1) .
Next, we focused our attention on the 191 candidate cancer (CAN) genes. CAN genes were identified as containing mutations in at least two independent tumors and were mutated at greater frequency than non-CAN genes when adjusted for size, nucleotide composition, and mutational spectra (13) . We identified 47 potential epitopes in CAN genes ( Table 2 ). These epitopes were identified in 6 of 11 colorectal cancers and 7 of 11 breast cancers.
Additional algorithms including NetMHC (20, 21) , MAPPP (14)/ BIMAS (15) , and RANKPEP (19) , were then used, identifying an average of 182 epitopes. The majority of epitopes predicted by each of the different algorithms were identified by at least two algorithms. Epitopes predicted by SYFPEITHI, BIMAS, RANKPEP, and NetMHC overlapped by 59%, 73%, 64%, and 75%, respectively.
In sum, we found that individual colorectal and breast cancers accumulated an average of f7 and f10 novel and unique HLA-A*0201 epitopes, respectively. Approximately one new epitope was generated for every 10 mutations, and 45% of predicted epitopes were shown to be cleaved at their COOH terminal according to the PAProC proteasome prediction algorithm (refs. 23, 24; Table 3 ). Note that these numbers are underestimates because other MHC molecules, not studied here, can present additional mutant peptides depending on the haplotype of individual patients. Because individual tumors potentially contain six distinct MHC class I molecules, including two loci each for HLA-A, HLA-B, and HLA-C, the estimated frequency of novel epitopes may be multiplied up to 6-fold. Thereby estimating that individual colorectal and breast cancers potentially accumulate up to f40 and f60 novel MHC class I restricted epitopes, respectively.
On a more cautionary note, we have not yet shown that these epitopes are actually expressed in tumor cells; we have studied only It is also possible that the epitopes are recognized by the immune system as foreign and tumor cells that express them are eliminated, yielding a population of cells in which the genes containing the epitopes are silenced either randomly or after selection for evasion of immune responses (25) . These issues will have to be tested experimentally. However, even if the results of the algorithm are incorrect 90% of the time and only 1 of every 10 neoepitopes is appropriately presented to the immune system, each colorectal and breast cancer would still accumulate f4 and f6 immune targets, respectively. Given the sheer number of predicted epitopes, we believe that in silico epitope prediction provides meaningful insight into the unique antigen repertoire that accumulates by random mutation coupled with rounds of clonal expansion. Because the predicted and potential immune response is patient-specific and directed toward nonself, these mutations are not expected to have triggered tolerance and, in theory, have the capacity to result in potent tumor rejection antigens.
Approximately half the cancers contain novel epitopes in a subset of mutant genes, which may contribute to the neoplastic process, designated CAN genes (13) . Most of the mutations occurring in cancers are likely to be passengers, providing no selective advantage or disadvantage. One of the critical challenges in cancer genomics is the distinction between such passengers and drivers. The CAN genes are thought to be the best candidates for drivers among those studied. Mutations in drivers may be advantageous in that the tumor might not be able to ''downregulate'' expression of the epitope if it is required for continued neoplastic growth (addicted). However, the exploitation of mutations in cancer immunotherapeutics is not dependent on the mutation being a driver. As long as the epitope is presented to the immune system appropriately, it can, in theory, stimulate an antitumor response. All of the multiple nonsynonymous mutations in cancers therefore potentially contribute to multiple targets for immune attack, providing the basis for the concept of combinatorial targeted immunotherapy.
Several methods for exploiting these findings can be devised. Initially, they depend on sequencing each patient's cancer to some extent. Although this is too difficult and expensive to be done routinely at present, improvements in technology will soon make such sequencing feasible, at least for a limited number of genes most likely to harbor missense mutations. The simplest approach to exploit the resultant sequencing information would be to administer vaccines to individual patients made from their own tumor. Although this strategy has been attempted before in humans, it has often been difficult to judge the magnitude of the immune response elicited because the antigens, if any, were not known. Once potential antigens are known through sequencing, patients' responses can be quantitatively assessed, and vaccines that are more rational than the present ones will be possibly designed.
A second way to exploit the epitopes defined by cancer genome sequencing would be through the administration of particular epitopes in the context of immune stimulants. One can imagine a cocktail of synthesized peptide epitopes presented to patients together with adjuvants or the patients' own antigen-presenting cells. As with whole cell vaccines, the ability to evaluate the resultant immune response would provide pivotal data for optimization of such strategies.
A third, and arguably more accessible, way to exploit this may be emphasized during the course of standard antitumor therapy, including chemotherapy, radiation, hormonal therapy, or treatment with the newer class of targeted biological agents, such as Imatinib or Erlotinib. In this manner, tumor cell destruction in situ can potentially provide a polyvalent tumor vaccine to the host immune system, without an absolute requirement for knowledge of the targeted antigens. Amplification of these responses by interference with immune regulatory circuits, such as CTLA-4 blockade, may prove to be an obligate element of such strategies (26) .
In conclusion, we have shown that genomic complexity, although often frustrating targeted therapies, is actually a gold mine for the immune system given the large number of potential antigenic targets for T cells. The liberation of these antigens during conventional therapy coupled with blockade of the checkpoints that normally limit immune responses could provide a powerful approach to cancer treatment. These findings encourage both the continued development of augmented immunotherapy in cancer without an absolute requirement for knowledge of the targeted antigens, and also future strategies that incorporate high throughput sequence analysis toward individualized multivalent cancer vaccines.
